for normal saline in place of cyclopentolate, and the control group received no ophthalmic drops and minimal handling. Daily weights and serum samples to measure systemic concentrations of cyclopentolate post-ophthalmic administration were assessed at baseline and for 7 days following drop administration. Results: Analysis of serum levels demonstrated detectability of systemic cyclopentolate after ophthalmic administration as early as 30 min (86 ng/ml), 1 h (60 ng/ml), and 24 h (6.2 ng/ml). There were also differences in weight gained on following ophthalmic administration observed between the cyclopentolate group and placebo group, with the cyclopentolate group weighing significantly less on days 3 and 7 (p = 0.02). Conclusions: Results indicate cyclopentolate is absorbed systemically and instillation of cyclopentolate decreases weight gain in neonatal mice compared to placebo. These preclinical findings provide rationale for further studies in neonatal patients. Cyclopentolate is standardly used in ophthalmologic examinations of neonates to facilitate screening for retinopathy of prematurity. Reports of systemic effects have raised concerns of an increased risk of feeding intolerance after the examinations. Objectives: The goal of this study was to evaluate systemic concentrations of cyclopentolate after ophthalmic administration, as well as assess changes in weight as an indirect measure of alteration in feeding. Methods: Neonatal mice were randomized into three groups to simulate a neonatal model for ophthalmic medication administration. The cyclopentolate group received a one-time administration of tetracaine, cyclopentolate, and phenylephrine ophthalmologic solutions in accordance with the protocol used at the children's hospital. The placebo group received the same ophthalmic drop administration, except
Introduction
Retinopathy of prematurity (ROP) is a potentially devastating disease of the retinal vasculature that effects the youngest and smallest of premature infants. Timely screening by the ophthalmologist is a key to diagnosing and preventing severe manifestations of ROP [1] . Current recommendations by the American Academy of Pediatrics, American Academy of Ophthalmology, and American Association for Pediatric Ophthalmology and Strabismus include a dilated fundus examination on all infants with a birth weight <1,500 g or a gestational age of ≤ 30 weeks [2] . Examinations may also be conducted on infants that weigh between 1,500 and 2,000 g and have an unstable clinical history as deemed by the neonatologist [2] . Serial examinations are often required to monitor disease progression [3] and adequate mydriasis is essential to obtaining a reliable examination [4] . This examination, albeit critical, is less than benign. It is considered a painful procedure according to a recent Consensus Statement on Prevention and Management of Pain in the Newborn [5] . Along with being a well-recognized source of discomfort for the infant [6, 7] , the medications used provide a platform for the potential of physiologic injury.
A chart review was conducted after several infants were noted to have excessive feeding difficulties following ophthalmologic examination [8] . Significant increases in the development of abdominal distension and large gastric aspirates were found following examinations. 56% of patients (n = 28) experienced at least one gastrointestinal symptom, including abdominal distention, vomiting, bloody stools, loose or watery stools, or gastric aspirates >3 ml in the post-examination period. The study found an increased risk of feeding intolerance after ophthalmologic examination. No conclusion was made, however, as to whether this intolerance was due to adverse systemic effects of mydriatic medications, the physical stress of the examination, or a combination of these factors.
Cyclopentolate is an anticholinergic and antimuscarinic drug that allows for both mydriasis and cycloplegia when instilled in the eye [9] . A single drop can quickly pass through the nasolacrimal system as well as systemically through the oropharynx, digestive tract, and skin [10, 11] . Multiple studies have found that mydriatic drops may cause systemic side effects in neonates, ranging from cardiovascular to enteric manifestations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Those with lower body weights are especially prone to these sequelae [25] , which may include flushing, tachycardia and increases in blood pressure, along with hallucinations, seizure activity, abdominal distension and feeding intolerance [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 26] . Because cyclopentolate readily crosses the blood-brain barrier, physostigmine remains the antidote of the choice [27] . Some preventative methods to decrease medication exposure include punctual occlusion during drop administration and 1-2 min after as well as wiping away any excess drops that may have poured over onto the skin [25, 26] .
Cyclopentolate hydrochloride is standardly used at our institution during ROP examinations. Although given as a topical ophthalmic solution, reports of systemic effects in adults and children throughout the past several decades have raised serious concerns. Previous reports have demonstrated systemic detectability of cyclopentolate [23] [24] [25] . However, studies that examine systemic levels and effects of cyclopentolate are lacking. Here, we investigated the effects of ophthalmic administration of cyclopentolate on altered feeding assessed by changes in weight in a neonatal mice model.
Methods and Materials

Animals
All animal studies were in accordance with the Association for Research in Vision and Ophthalmology (ARVO) and the research institution. All experiments were performed using C57Bl/6 wildtype mice that were bred in-house. Neonatal mice with a postnatal age of 14-21 days were chosen for this model as this is the age that the mice's eyes had opened enough for ophthalmic drop administration. The mice were randomized into three groups (cyclopentolate, placebo, and control) to simulate a neonatal model for ophthalmic medication in accordance with the protocol used in the neonatal intensive care unit of our children's hospital. This protocol consists of tetracaine 0.5%, cyclopentolate 0.5% and phenylephrine 2.5% ophthalmologic solutions for dilation of the eye for examination. The cyclopentolate group received a one-time administration of 3 μl with a fine pipet tip of all three ophthalmic solutions. Cyclopentolate and phenylephrine were instilled 1 min after the tetracaine. The placebo group received the same protocol, with the exception of saline drops in place of the cyclopentolate. The third group of mice was considered the control group and received no ophthalmic drop administration and minimal handling. The study included two arms -one arm in which mice from all three groups were assessed for changes in weight after ophthalmic instillation, and the other arm included mice from the cyclopentolate and placebo groups to assess systemic levels of cyclopentolate.
For the serum level arm, mice received the ophthalmic solutions and were sacrificed to collect blood after 30 min, 1 h, 24 h or 7 days post-instillation ( fig. 1 ). It was necessary to sacrifice the mice to obtain an adequate blood samples for cyclopentolate level detection. For the weight assessment arm, baseline and daily weights were measured in mice selected for weight trends in the cyclopentolate and placebo groups for 7 days after instillation to assess the effects of ophthalmic medication administration on feeding and weight gain. The control group was also weighed over the same time period but did not receive ophthalmic drops.
Detection of Cyclopentolate Levels
Blood samples were collected at designated time points, left to coagulate, centrifuged, and serum was collected and frozen immediately at -80 ° C. Levels of cyclopentolate in mice sera were analyzed using protein precipitation via ice-cold acetonitrile (containing 0.05% formic acid) followed by LC/MS/MS analysis utilizing an Applied Biosystems API4000 tandem mass spectrometer [LLOQ 0.2-1 ng/ml, ULOQ 1,000 ng/ml; all individual standards were within ±25% bias limits (75-125% accuracy); mean intra-day accuracy ranged from 80 to 112%; mean inter-day accuracy ranged from 89 to 105%; intra-day %CV ranged from 1 to 20%; inter-day %CV ranged from 3 to 13%] [28] . Analysis was completed at Agilux Laboratories (Worcester, Mass., USA), procedure #KN-0001-DB-AA. Levels were calculated based on the standard curve of the cyclopentolate drug itself.
Statistical Analysis
Results were expressed as mean ± SD. Differences among multiple experimental groups were evaluated by one-way ANOVA followed by Bonferroni multiple comparison test, and between two groups using two-sided Student's t test. Significance was defined as p < 0.05.
Results
Detection of Systemic Levels of Cyclopentolate Post-Ophthalmic Administration
For this arm of the study, 40 mice were included to assess systemic cyclopentolate levels. Serum samples from mice in the cyclopentolate group were evaluated 30 min (n = 8), 1 h (n = 8), 24 h (n = 4), and 7 days (n = 7) postinstillation. Samples from the placebo group (n = 9) were used as a control and assessed for comparison purposes at the same time points. Systemic cyclopentolate levels were detected as early as 30 min after ophthalmic instillation and levels gradually decreased over 24 h. As shown in figure 1 , serum levels in the cyclopentolate group reached a mean of 86 ng/ml within 30 min compared to non-detectable levels (<5 ng/ml) in the placebo group. The systemic levels of cyclopentolate gradually decreased to a mean of 60 ng/ml after 1 h then significantly dropped to 6.5 ng/ml at 24 h. After 1 week, levels of cyclopentolate were nearly undetectable in the cyclopentolate group, with a mean concentration of 2.88 ng/ml.
Ophthalmic Cyclopentolate Caused Changes in Weight
For this arm of the study, 27 mice were randomized to the cyclopentolate (n = 9), placebo (n = 9), or control group (n = 7) for daily weight assessment. The three groups had comparable weight at baseline (cyclopentolate group, 6.12 g; placebo group, 6.13 g; control group, 6.23 g). Mice in the control and placebo groups consistently showed a trend of gaining higher weight throughout the study period compared to the cyclopentolate group as shown in figure 2 . By day 7, mice in the placebo group were shown to have a significantly higher weight gain compared to the cyclopentolate group (cyclopentolate group, 7.56 g; placebo group, 8.31 g; control group, 8 g; p = 0.021). Of note, mice had a similar average weight at baseline in the three groups and maintained a similar weight within the first 2 days. A statistically significant difference in weight gain was also observed on day 3 (cyclopentolate group, 6.26 g; placebo group, 6.67 g; control group, 6.8 g; p = 0.026).
Discussion
ROP is a potentially devastating disease of the retinal vasculature that effects the youngest and smallest of premature infants. One of the greatest impacts seen in the neonatal population from systemic adverse effects of ophthalmic cyclopentolate instillation is post-administration feeding intolerance. The exact mechanism of this effect is unknown, but may be due to intestinal relaxation and delayed gastric emptying secondary to the drug's anticholinergic activity. Cyclopentolate has also been associated with necrotizing enterocolitis, gastric dilation, paralytic ileus, and a decrease in gastric acid secretion [10, [21] [22] [23] . Outside of their retinal disease, most pre-term infants are battling significant morbidity that would likely be worsened by decreased feeding and poor weight gain. As such, it is critical to identify pharmacological risks with the use of cyclopentolate in the human population. The findings of the current study provide the first evidence that ophthalmic cyclopentolate instillation in mice neonates can produce detectable systemic levels of the drug as early as 30-60 min, and also induce significant changes in feeding as indicated by the small yet significant reduction in body weight gain. Our results in this animal model lend further support to previously reported post-administration feeding intolerance in clinical setting [10, [13] [14] [15] [16] [20] [21] [22] [23] . Findings from our study show that ophthalmic cyclopentolate administration produces detectable and measurable concentrations in serum samples from neonatal mice. The cyclopentolate levels were detected as early as 30-60 min after ophthalmic administration, indicating rapid systemic absorption. The levels gradually declined to almost placebo level within 24 h. The neonatal mice in this model received one-time defined drop of 3 μl, while the typical dose of cyclopentolate administered to human neonates is approximately 90 μl (3 drops). Even though cyclopentolate is not dosed according to weight in human neonates, the relative dose per body weight for mice may have impacted systemic absorption and detected levels. Of note, the levels detected in mice were higher than what had been reported in human patients (peak range of 60-86 ng/ml within 30-60 min in mice versus 3 ng/ml in humans) [23, 24] , possibly due to difference in metabolic rate and pharmacokinetics of the drug in rodents, laboratory testing variations, or an increased amount of ophthalmic medication received or absorbed systemically. Another possibility in this comparison is the risk of the drops leaking into the mouths of the mice during instillation, however the use of a fine pipet limited this from occurring.
Neonatal mice receiving cyclopentolate were found to have decreased weight gain compared to neonates receiving placebo, with the greatest differences on days 3 and 7 post-administration. This suggests a correlation with cyclopentolate, feeding intolerance, and a delayed effect on weight gain. Of note, these results represent the impact of one-time drug administration on changes in weight over a 1-week period. The impact on poor weight gain in the human population may be even greater as patients are examined for ROP at least on a weekly basis and may receive a greater cumulative amount of cyclopentolate.
An additional limitation of this study is that feeding intolerance was assessed indirectly by measuring weight gain. Accurate assessment of direct food intake in breastfeeding mice, as well as humans, is challenging. In controlled clinical trials of feeding intolerance in premature neonates, average daily weight gain has been used as a secondary endpoint [29] [30] [31] [32] [33] .
In summary, advances in neonatal intensive care have increased survival of extremely low birth weight infants and the incidence of ROP [reviewed in 21] and therefore improving the screening procedure for these infants is crucial. Our studies using mice neonates provided preliminary evidence that a single administration of ophthalmic cyclopentolate resulted in detectable level of the drug in the blood that positively correlated with delay in weight gain. These preclinical findings provide rationale for further studies in neonatal patients. The next step of this research is to establish the link in humans, and evaluate the potential preventative or treatment measures to avoid this adverse effect. Decreased weight gain in the cyclopentolate group compared to placebo and control groups. Mean weight of mice at baseline and 7 days after ophthalmic administration. Despite similar weights at baseline, mice in the control and placebo groups showed a tendency to have higher weight gain each day following drop administration compared to the cyclopentolate group, with statistically significant differences in weight seen on days 3 and 7 ( * p < 0.05, n = 9 per group).
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